Mutagenic sensitivity of seeds irradiated with gamma rays at various doses was investigated in Coriandrum sativum. The attributes studied were seed germination rate, seedling growth, mitotic and meiotic abnormalities, field germination rate and survivability, pollen fertility and seed yield. Gamma irradiations induced both physiological and cytological disturbances such as reduction in seed germination rate and seedling growth as well as decrease in mitotic index and enhancement of mitotic and meiotic aberration frequencies at metaphase, anaphase and resting cells and in metaphase I (M I), anaphase I (A I) and anaphase II (A II) respectively. Results suggested that doses of gamma irradiations monitored are sub-lethal in nature as evinced from lethal dose, 50% (LD 50 ) but can also potentially bring about cytogenetical variations in the seeds of treated plants (M 1 ) causing mutation in subsequent generation.
Mutation breeding is significant for global agriculture and reported to produce about 3278 varieties or cultivars in 210 plant species aiming to solve food and nutritional problems of the world (FAO/IAEA 2018, https://mvd. iaea.org/). Successful induction of mutation in plant species is found to vary with the application of mutagens and their doses and duration of treatments, and therefore the selection of mutagen(s) and optimum doses for a genotype are integral steps in any mutation breeding programme (Brock 1977 ). Despite the spectacular success of chemical mutagens in induced mutagenesis (Ehrenberg et al. 1966 , Auerbach 1976 , Konzak et al. 1977 , Datta and Biswas 1985 , Sengupta and Datta 2004 , Mandal and Datta 2014 , ionizing radiations played pivotal role in mutation research experiment as chromosomal breakages and rearrangements are easily affected by them (Ehrenberg et al. 1961 ). Among the ionizing radiations, gamma rays are widely administered in many plant breeding program (Balloch et al. 2002 , Javed et al. 2003 , Sangsiri et al. 2005 , Sutarto et al. 2009 , Mba and Shu 2012 , Yaycili and Alikamanoǧlu 2012 More 2014) including C. sativum Sengupta 2002, Sarada et al. 2015) for induction of mutation. The present investigation indicated the mutagenic sensitivity of gamma irradiations in C. sativum (major spice of commerce apart from its use as leafy vegetables) with an objective to ascertain appropriate doses in the species to raise plant type mutation closely corresponding to the ideotypes being looked for. The parameters of mutagenic sensitivity assessed are germination rate and seedling growth in Petri plate condition, mitotic and meiotic chromosomal abnormalities, field germination rate and survivability, pollen fertility, seed yield per plant and seed sterility.
Materials and methods

Germplasm and gamma irradiations
Seed samples of Coriandrum sativum L. cultivar Co.3 (Accession No. 695 IARI) with 13.60% moisture content were collected from the Pulses and Oil Seeds Research Station, Department of Agriculture, Berhampore, Govt. of West Bengal, India.
The 200 dry seeds in each treatment including control were gamma irradiated at 50, 100, 200 and 300 Gy from 60 Co source (absorbance dose rate 47.4 Gy min 1 ; source to distance 12 cm) at UGC-DAE Consortium Center, Kolkata, West Bengal. Employed doses of gamma irradiations were administered after pilot trials. Untreated dry seeds of the same number were kept as control.
Determination of seed germination and seedling growth
Out of 200 seeds, 100 seeds from each treatment including control were given in Petri plates (27 1 C) lined with moist filter papers for assessment of seed germina-tion rate and seedling growth on the 18 days from treatment. Random 25 seedlings from each treatment were measured in a millimeter graph paper. Germination rate in treatments was assessed as the percent to control.
Mitotic study
Healthy six root tips with 2 cm fixed in 1 : 3 acetic ethanol and stored in 70% ethanol under refrigeration. Roots were stained following an aceto-orcein : 1 M HCl (9 : 1) squash method. Three replica slides for each treatment were studied under an Olympus CH20i microscope and suitable cells were photographed. Mitotic index (number of dividing cells/total cells scored 100) and, aberration types and their frequencies were noted.
Raising M 1 plant population
For raising M 1 plant population, 100 seeds from each lot of treatment including control were sown in lines keeping a spacing of 20 and 30 cm between plants and rows respectively in the field plots of Department of Botany, Kalyani University during the months of November to April. Field germination rate was studied at the seedling stage of growth of M 1 plants, whereas survivability of plants was scored on the harvest.
Meiotic analyses
Umbels from three randomly selected plants of each treatment along with control were fixed in the acetic ethanol between 5.30 and 6.30 a.m. during the first flowering flush and subsequently preserved in 70% ethanol for further uses. PMCs and pollen grains obtained from suitable size anther squash preparations were stained in 1% aceto-carmine. Scattered meiocytes were scored at M I, A I and A II from each plant and pooled over the plants in each treatment. Fully stained pollen was considered fertile (Marks 1954) .
Seed yield and sterility
On harvest, seed yield of each surviving plant was assessed and mean seed yield in each treatment was calculated from the pooled data obtained from the surviving plants. Seed sterility was determined from the reduction in seed yield in treatments as the percent to control.
Statistical analyses
From one way analysis of variance (ANOVA), critical difference (CD) at 0.05 probability level was estimated for seedling growth, mitotic index, mitotic aberration frequencies in dividing cells and seed yield per treatment for determination of significant variation between/ among treatments. Distribution (random/non-random) of bivalents and univalent was assessed in doses following the use of χ 2 -test of heterogeneity. Pearson s correlation analysis was performed between pollen fertility and balanced A I and A II chromosome segregation separately to ascertain if there exists any interrelationship between them or not.
Results and discussion
Physiological attributes
Percent to control, seed germination rate ranging between 92.05% and 79.55% among treatments suggest that lethality is low (7.95 to 20.45%) and the employed doses of gamma irradiations are sub-lethal in nature and therefore LD 50 could not be ascertained (Table 1) . Compare to control, seedling growth reduces significantly (p 0.05) in treatments and the reduction is dose-depen- * Percent to control ** Percent to field germination rate dent (Table 1) . Reduction in seed germination rate and seedling growth under similar conditions in Petri plates is indicative of the inhibitory action of the employed doses of gamma irradiation. Both the physiological phenomena show the inverse relationship with chromosomal disturbances in mitotic cells. Radiation-induced growth inhibition is equated to genetic loss arising as the consequences of chromosomal aberrations in mitotic cells in a wide range of plant species, Vicia faba (Read 1959 , Evans 1961 , Yah et al. 2018 , Nigella sativa Biswas 1983, Datta et al. 1986) , Lactuca sativa and L. serriola (Haque and Godward 1986) , Oryza sativa (Kowyama et al. 1987) , and Nicotiana tabacum (Hase et al. 1999) .
Mitotic consequences
In relation to control, dose-dependent significant (p 0.05) reduction in the mitotic index is noted in irradiated samples (Table 1) . The mitodepressive effect caused due to treating agents may be attributed to slower progression of cells from S phase to M phase (Patlolla et al. 2012) or poisoning of prophase along with physiological disturbances (D Amato 1952 , Sparrow et al. 1952 ). The mitotic index shows an inverse relationship with chromosomal abnormalities recorded in the dividing cells. Mitotic cells show 2n=22 chromosomes (Fig. 1) in control as well as in irradiated samples. The only abnormality observed in control is the clumping and sticky behavior of chromosomes. Aberration types noted in dividing cells of different doses of gamma irradiations are sticky and clumped chromosomes (2.27-4.27% in Fig. 2) , fragmentation of chromosomes (0-0.44%) including equal sized centric fragments (Fig.  3) , metaphase chromosome groupings (0-1.83%), laggards (0.99-1.34% in Fig. 4 ) and bridges (0-1.83% in Figs. 5, 6 ). Percentage of micronuclei (mostly one in Fig. 7 , rarely two-both condensed and non-condensed types) and giant cells (Fig. 8) recorded in resting cells are 0.18 to 0.48% and 0 to 0.63% respectively showing dose-dependent relationship. Thus, the employed doses of gamma irradiations induce clastogenic effects as well as cause breakage of DNA and cellular metabolic defects as evinced from breakages of chromosomes, pronounced clumping and stickiness of chromosomes and formation of giant cells respectively. The occurrence of paired centric fragments in metaphase (1.83% in Fig. 3 ) and anaphase (0.61% in Fig. 4 ) cells of treatments (300 Gy) suggests possible localized breakage in the chromosomes possessing subterminal constrictions. Pramanik et al. (2017) reported a pair of chromosomes with satellites in the chromosome complement of C. sativum. Paired fragments arising due to localized breakage following irradiations in or near the terminal end of the chromosomes are also reported in Nigella damascena (Moutschen 1968 ) and N. sativa (Datta and Biswas 1983) .
Germination and survivability in field
Although field in germination rate is low (Table 1) , but it is apparent that mutagen treatments affected germination of M 1 plants compared to control. Percent to control, survivability of treated plants ranges from 58.33 to 39.58%.
Meiotic studies
Meiotic analyses reveal the formation of 2n=22 chromosomes ( Fig. 9 ) in PMCs of control and irradiated plants (Table 1) . Mean chromosome association per cell at M I is 10.86 II + 0.28 I in control and it ranges from 10.33 II +1.33 I to 10.11 II +1.78 I among the doses of gamma irradiations. χ 2 -test of heterogeneity reveals random (χ 2 =2.90, p 0.05, DF 4) as well as non-random (χ 2 =88.47, p 0.05, DF 4) distribution of bivalent and univalent frequencies per cell respectively among the treatments including control. Control plants form predominantly 11 II (87.69%) in meiocytes apart from 10 II +2 I (10.77%) and 9 II +4 I (1.54%). Chromosomal associations recorded in gamma-irradiated samples are 11 II (61.05 to 83.54%), 10 II +2 I (0 to 18.18% in Fig. 10 ), 9 II +4 I (0 to 8.18%), 8 II +6 I (0 to 11.58% in Fig. 11 ), 7 II +8 I (3.80 to 12.12% in Fig. 12 ) and 6 II +10 I (0 to 6.36%). The result highlights that frequency of univalent per cell is enhanced in treatments suggesting the possible role of the mutagen in inducing impairment of homologs. Gamma irradiations are also found to cause breakage of chromosomes in meiocytes (Fig. 13) , though rarely (0.45%).
In comparison to cytological balanced chromosome configurations in A I and A II cells of control, treated samples show normal separation in 87.67 to 78.90% cells at A I (Fig. 14) and 87.88 to 74.39% cells at A II. Abnormalities recorded in A I cells are unequal (10/12, 8/14, 6/16, 5/17 in Fig. 15, Fig. 16 ) groupings (5.98 to 8.26%), laggards (0-2.75%), and bridges (5.62-10.09%) with (Fig. 18) or without a fragment (Fig. 17) whereas aberrations studied in A II cells are laggards (2.02-4.88%), bridges (7.07-12.20% in Fig. 19 ) and multipolar groupings (3.03-8.54% in Fig. 20) . Unequal groupings suggest possible non-random distribution of univalent, whereas bridges with an acentric fragment indicate intra-chromosomal rearrangements arising out of paracentric inversion.
Pollen fertility and seed yield and sterility
Pollen fertility is 96.16% in control plants and it decreases in gamma-irradiated samples (Table 1) . Pollen fertility show positive and significant (p 0.05) interrelationship with balanced A I (r = 0.935, DF 4) and A II (r = 0.856, DF 4) segregation of chromosomes. Such correlation between the traits indicates that pollen sterility may be the outcome of cytogenetical consequences.
Seed yield per plant in control is 3.57 1.26 g and it decreases dose dependently in treatments (Table 1) . Percent to control, seed sterility varies from 6.72 to 47.06% among the doses of irradiations. Seed development is the outcome of sequential events of sporogenesis, pollination, fertilization and embryogeny, and gamma irradiations possibly affect any of these steps of seed formation.
The present investigation reveals that the employed doses of gamma irradiations are sub-lethal but can bring about cytogenetical changes affecting growth and cessation of seed yield, thereby potentially inducing genetic variations in the formed seeds of M 1 plants and mutation might appear in the subsequent generations.
